The relationship between the levels of cyclic nucleotides and dimorphic transition in Candida albicans was examined. The results showed that cells of this pathogenic fungus contained both cyclic adenosine 3',5'-monophosphate (cAMP) and cyclic guanosine 3',5'-monophosphate (cGMP), the concentration of the latter being about one-tenth that of the forner in stationary-phase cells of the yeast form. Our results further indicated that germ tube formation induced by incubation at 400C followed a rise in cAMP concentration in the cell with no accompanying change in cGMP content. Cysteine, which suppressed germination, also reversed the increase in intracellular cAMP concentration. Dibutyryl cAMP (1 mM) significantly promoted germination in proline medium at temperatures of 32 to 34C. These results suggested that cAMP was one of the controlling factors in the morphological transition in Candida albicans.
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Dimorphism in fungi is defined as the reversible interconversion between the yeastlike and the flamentous, mycelial forms. This phenomenon in Candida albicans is of interest for two reasons. First, there is the longheld view that dimorphism is somehow related to virulence of the organism. However, conflicting evidence implicating the yeast cell (3, 23) , the mycelial form (7, 25) or both (12, 21) as the virulent entity has confused rather than clarified the situation. Hence, it is impossible at present to give a definite statement concerning this matter. Second, dimorphism in general may be regarded as a rather simple system of cell differentiation and morphogenesis. Consequently, elucidation of its mechanism is expected to afford an insight into differentiation and development in higher organisms. These aspects of dimorphism in C. albicans have stimulated extensive research by many workers, and a number of environmental factors which control yeast-to-filament interconversion have been recognized (2, 8, 10, 14, 24) . However, the underlying mechanism remains totally unknown. Recently, evidence was presented to implicate cyclic AMP (cAMP) in the morphological transition of certain dimorphic fungi other than C. albicans. Thus, Larsen and Sypherd (9) observed a correlation between the intracellular levels of cAMP and the morphological states in Mucor racemosus, although it was later shown by the same group of workers that cAMP is not the sole factor controlling the mycelium-to-yeast development (19) . For M. rouxii, Paveto et al. (18) found that the addition of dibutyryl cAMP or cAMP to the culture induced the yeastlike morphology under otherwise mycelium-forming cultural conditions. Furthermore, Maresca et al. (15) described a difference in intracellular cAMP levels in the yeast and the mycelial forms of Histoplasma capsulatum. Cyclic GMP (cGMP), the concentration of which is known to change often in a manner opposite to that of cAMP in the mammalian system (e.g., reference 6), was not determined in these studies, however. To our knowledge, a relationship between dimorphic changes and intracellular levels of cyclic nucleotides has not been reported so far for Candida species. Consequently, we decided to determine the intracellular concentrations of cAMP and cGMP in C. albicans, with special reference to the yeast-tomycelium transition. (Other terms such as gern tube formation, germination, and filamentation are also used as synonyms in this paper.)
A number of cultural conditions have been reported to affect the morphology of C. albicans, of which incubation temperature seemed to be one of the critical variables (4) . It has also been reported that a defined medium consisting of phosphate buffer, L-proline, and biotin is quite efficient in inducing filament formation of the organism (8) . With these previous findings as guidelines, we carried out a series of preliminary experiments which showed that at 40°C germ tube formation was quite abundant within 2 h in a complex medium (Sabouraud yeast extract broth, SYEB) as well as in the proline-phosphate buffer medium lacking biotin (PM).
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A culture of C. albicans type A strain 3135 (Basel, Switzerland) was made allowing cells to incubate for 18 h at 370C in SYEB, which contained (per liter) 40 g of glucose, 10 g of polypeptone (Daigo Eiyo Co., Osaka, Japan), and 5 g of yeast extract (Daigo Eiyo Co.) and had a pH of 5.6. This early-stationary-phase culture, consisting almost exclusively of yeastlike cells, was centrifuged at 1,500 x g for 3 min. The cells were then washed three times with sterile distilled water and finally suspended in SYEB or PM (1 mM L-proline-0.1 M potassium phosphate buffer, pH 6.7) to a density of 2 x 106 cells per ml. Portions (50 ml each) of the suspension were dispensed into 100-ml flasks and served as samples for the cyclic nucleotide assay. Samples for microscopic examination and protein assay were taken from parallel flasks. The flasks were shaken at the indicated temperature and at about 120 strokes per min in a reciprocal shaker bath. The acid-soluble fraction of the cells was prepared essentially as described by Larsen and Sypherd (9) . Duplicate 50-ml samples were poured onto membrane filters (0.45-/um pore size and 25-mm diameter, Toyo Roshi Co., Tokyo, Japan) under suction. Within several seconds of removal of the culture fluid, the filters were immersed in 2.5 ml of 6% ice-chilled trichloroacetic acid. The mixtures were subjected to five cycles of freezing and thawing in an ethanol bath at -70°C and a water bath at 370C. The filters were then removed, and the trichloroacetic acid in each sample was extracted at room temperature three times with water-saturated diethyl ether. The remaining ether was removed by bubbling N2 gas through the sample. Cell debris was removed by centrifugation at 1,500 x g for 5 min, and the supernatants were neutralized with 0.1 ml of 2 M Tris. A 1-ml portion of each neutralized supernatant was applied to columns of aluminum oxide and Dowex 1 x 2 by the method of Mao and Guidotti (13) . cAMP and cGMP fractions were lyophilized, and the residues were dissolved in 0.5 ml of 0.05 M Tris-EDTA buffer (pH 7.5). cAMP assays were performed with a cAMP-binding assay kit supplied by the Radiochemical Centre, Amersham, England. In some experiments, cAMP was also determined by the binding assay of Gilman (5) . The results obtained by the two methods agreed well with each other. In the latter assay, cAMPbinding protein was prepared from fresh bovine muscle by the method of Miyamoto et al. (16) , and 20 ,g of binding protein, cell extract, and 1.0 pmol of [3H]cAMP (New England Nuclear Corp., Boston, Mass.) in a 0.2-nil reaction mixture were incubated for at least 90 min in an ice bath. The reaction mixtures were then filtered through membrane filters (0.45-,um pore size and 25-mm diameter). cGMP was assayed by means of a cGMP radioimmunoassay kit purchased from the Radiochemical Centre. The membrane filters in these assays were dissolved in 10 ml of Bray solution, and the radioactivities were counted in a Packard Tri-Carb liquid scintillation spectrometer (model 3380 Packard Instrument Co., Inc., Rockville, Md.). These procedures gave recoveries of approximately 75%
[3H]cAMP and [3H]cGMP (New England Nuclear Corp.) added to parallel cultures just after the trichloroacetic acid treatment. All of the values described here have been corrected for these losses of the nucleotides. Treatment of the samples with cyclic nucleotide phosphodiesterase (Sigma Chemical Co., St. Louis, Mo.) reduced the levels of the nucleotides to virtually zero. To determine germination frequency, samples withdrawn from the cultures were diluted appropriately in PM and examined in a hemacytometer under a light microscope for the morphological transition. The criteria for the yeastto-filament transition were as described by Chaffin and Sogin (1). For protein determination, the cells were harvested on membrane filters (0.45-,um pore size and 25-mm diameter), suspended in 2.5 ml of 1 N NaOH by vigorous agitation, and then heated at 100°C for 20 min. Insoluble materials were centrifuged at 1,500 x g for 5 min, and the resulting supematants were assayed for protein concentration by the method of Lowry et al. (11) , with crystalline bovine serum albumin (Sigma) as a standard. There was no change in cell morphology in either medium at 30°C (data not shown). Protein determination revealed that the rate of cell growth in SYEB was almost identical at both temperatures, whereas cells did not grow appreciably in PM (data not shown).
For these results, we reasoned that cultures in SYEB and PM undergoing morphological transition at 400C and nonfilamenting cultures at 300C are adequate systems for the study of cyclic nucleotides because the cells in these media represent two distinct states, growing and nongrowing. Results of cAMP and cGMP determinations for such cells are summarized in Fig. 1 cellular concentration of cGMP remained constant under all conditions used. It has been known for some time that cysteine inhibits germ tube formation in C. albicans (e.g., reference 17), although there is a conflicting report (22) . After confirming that it actually inhibited the germination in PM completely at 1 mM or higher concentration at 400C, we looked at the cAMP level in the cysteine-inhibited cultures. In the presence of 1 mM cysteine, the cAMP concentration increased in the first 30-min period, returned to the original level, and remained there. With 10 mM cysteine, the cAMP level, after an initial rise, decreased to 20% of the original value. At any rate, it seems clear that cysteine did prevent the maintenance of a high intracellular concentration of cAMP at 400C while inhibiting germ tube formation.
If the increase in intracellular concentration of cAMP observed at 40°C is actually related to the morphological transition, it might be expected that the addition of the nucleotide would induce germ tube formation in a culture otherwise incapable of the transition. Therefore, we looked at the possible effect of cAMP and its dibutyryl derivative. Dibutyryl cAMP (1 mM or higher) significantly promoted germination in PM at temperatures of 32 to 340C, but not at 30°C (Fig. 2) . In SYEB medium, however, such an effect was not detectable. cAMP failed to cause germination under all conditions tested.
An attractive possible explanation of these results is that cAMP is somehow related causally to the morphological transition in this organism. A high intracellular concentration of the nucleotide might be required for the induction or maintenance or both of the metabolic pattern characteristic of hyphal growth. It should be emphasized that this hypothesis does not necessarily assume that the elevated level of cellular cAMP is sufficient for germ tube formation. Consequently, that only weak stimulation of germination by dibutyryl cAMP was observed under limited conditions does not rule out this possibility. Rather, it may be argued that some condition(s) other than increased cAMP concentration also required for germination may not be met at 300C, thereby masking the possible effect of dibutyryl cAMP. As the temperature increases, this condition would become satisfied and the germination frequency would start to rise. Meanwhile, the cAMP concentration also increases and may not be the rate-limiting factor for germination except in PM at 32 It is interesting that whereas mycelia contain cAMP in a higher concentration than yeast do cells of C. albicans and H. capsulatum (15) , the reverse is true for M. racemosus (9) . This may suggest that, despite the superficial similarity, the morphological phase transitions collectively known as dimorphism might differ greatly in underlying mechanisms from one fungus to another. Therefore, one should be cautious in extrapolating any information obtained with one species to others. It is also hoped that comparative biochemistry of dimorphism may provide us with some insight into fungal phylogeny and systematics.
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ADDENDUM
During the preparation of this manuscript, we learned that Chatterway et al. had independently found a correlation similar to the one described here for C. albicans (Abstr. VIIth Cong. Int. Soc. Hum. Anim. Mycol. Israel, 1979, p. 7).
